Abstract Purpose: Pretargeting has been attracting increasing attention as a drug delivery approach.
Pretargeting of tumor is often considered an improvement over the conventional targeting with radiolabeled antitumor antibodies. It involves the initial administration of a nonradioactive antibody with affinity both for a tumor antigen and for a small radiolabeled ''effector'' injected separately and later (1 -4) . Because the pretargeted antibody is not radioactive, sufficient time can be provided for the antibody to localize in tumor and clear elsewhere before being targeted by the radioactive effector in the second administration. Not only can a scintigraphic image of diagnostic quality be obtained within 1 to 3 hours after injection of the radioactivity compared with 1 to 3 days for conventional targeting with radiolabeled antibodies but, when pretargeting is considered for radiotherapy, the rapid clearance can translate into greatly reduced radiation exposure to normal organs (5, 6) .
The recognition pairs that have been investigated for pretargeting applications include (strept)avidin/biotin (7), bispecific antibody/hapten (8) , and oligomer/complementary oligomer (9) . The latter is the most recent and has received the least attention thus far (10 -12) . Phosphorodiamidate morpholino oligomers (MORF) are a family of synthetic oligomers that are water soluble and reported to be stable both in vitro and in vivo (13, 14) . They have been given to mice, rats, rabbits, and primates, and clinical trials of antisense MORFs are currently under way (AVI BioPharma, Inc., Corvallis, OR). Mutagenicity and teratogenicity studies have been done in vitro (13, 15) and toxicity studies have been conducted in rats and primates as well as in patients (13, 15, 16) . The available evidence suggests that MORFs are nontoxic at the modest dosages considered herein. In this investigation, the antitumor antibody was conjugated with an 18-mer MORF and given first as the pretargeting agent followed at an appropriate time by the administration of the radiolabeled complementary MORF (cMORF) as the effector.
We have reported previously on the successful use of the MORF/cMORF recognition system for imaging with the diagnostic radionuclide technetium-99m ( 99m Tc; . Rhenium-188 ( 188 Re) was selected as the therapeutic radionuclide for this investigation not only because of its attractive properties for radiotherapy but also because of its similar chemical properties to 99m Tc, the nuclide often used for rhenium pretherapy studies. This similarity permits the use of the same labeling method and, more importantly, results in radiolabeled agents with similar, if not identical, properties. In particular, the stability of the 188 Re radiolabel in the MAG 3 chelator has been extensively investigated and found to be equally stable to that of 99m Tc and, more importantly, suitably stable for radiotherapy trials (17, 20) . We now report on tumor pretargeting with the therapeutic radionuclide 188 Re and the first therapeutic trial in tumored mice.
Materials and Methods
The anti -carcinoembryonic antigen IgG antibody MN14 was a gift from Immunomedics (Morris Plains, NJ). The amine-derivatized MORF and its complement cMORF were purchased from Gene Tools (Philomath, OR). Their base sequences and molecular weights are as follows: MORF, 5 ¶-TCTTCTACTTCACAACTA-C(O)-(CH 2 ) 2 -amine (6,060 Da) and cMORF, 5 ¶-TAGTTGTGAAGTAGAAGA-C(O)-(CH 2 ) 2 -amine (6,318 Da). The C6-SANH [N-(6 ¶-succinimidyl hexanoyl) 6-hydrazinonicotinamide acetone hydrazone; molecular weight, 403 Da] and C6-SFB [N-(6 ¶-succinimidyl hexanoyl) 4-formylbenzamide; molecular weight, 360 Da] were from Solulink (San Diego, CA). NHS-MAG 3 was synthesized in house (21) . Commercial 9-mL Sephadex G25 columns were from NeoRx Corp. (Seattle, WA), whereas P4 Gel (medium) was from Bio-Rad Laboratories (Hercules, CA). Float-A-Lyzers (molecular weight cutoff, 100,000 Da) for dialysis were from Spectrum Laboratories (Rancho Dominguez, CA). The 188 W/
188
Re generator was purchased from Oak Ridge National Laboratory (Oak Ridge, TN).
Preparation of MORF-MN14 and labeling of cMORF with 188
Re. Using the commercial Hydralink method, MORF-MN14 was prepared according to the manufacturer's recommended procedure (22) . The purity of the products in each step was monitored by size exclusion highperformance liquid chromatography with a Superose 12 column. The average number of MORFs per antibody was determined by adding a known excess of 99m Tc-labeled cMORF to a known amount of MORF-MN14 as described previously (18) .
Re labeling of cMORF was scaled up from that previously described (20) . Increasing the scale lowered the labeling efficiency somewhat to f85%. The radiolabeled cMORF was used without purification because the impurity has been shown to clear from the whole body rapidly as the labeled cMORF (20) . Relabeled cMORF. These dosages were chosen to achieve the highest tumor accumulations based on earlier experiences (19) . The kinetics of radioactivity distribution in normal organs and tumor was followed by sacrificing two animals at 1 and 3 hours and then one animal every 3 hours until 73 hours after radioactivity injection. At sacrifice by exsanguination following cardiac puncture under halothane anesthesia, blood and other organs were removed, weighed, and counted in a NaI(Tl) well counter (Cobra II automatic gamma counter, Packard Instrument Co., Meriden, CT). Blood and muscle were assumed to constitute 7% and 40% of body weight, respectively. The tumored thigh was also excised for counting but after the skin and as much as possible of the muscle and bone was removed. The radioactivity was attributed to the tumor because bone and muscle radioactivity was negligible. After the tumor thigh was counted, the tumor was dissected away and the remaining bone and muscle were weighed. This weight was subtracted to provide the net tumor weight. Dosimetry study. Using the SAAM II simulation analysis and modeling program (23) , the percentage of injected dosage per gram of organ (% ID/g) for each tissue was fitted to a three-component exponential function. The blood data were fitted first, and then the data for other organs were fitted by keeping the three exponents the same and adjusting only the coefficients of the three exponential terms. Figures 1 and 2D show some biodistribution data along with their produced best fit. For a unit administered radioactivity dosage, time-radioactivity curves were obtained by taking physical decay into account (half-life of 17.0 hours for 188 Re). Analytic integrations of the time-radioactivity curves yielded the cumulated activity concentration per unit administered activity [area under the curve (AUC)] for each tissue.
The fundamental equation to calculate absorbed radiation doses was as follows (24):
where D t is the radiation dose of the target organ, K is a unit conversion factor, E b is the mean h energy of 188 Re, / b (tpi) is the absorbed fraction of radiation from source organ i to the target organ t, AUC is in units of ACi h/g, and (m t /m i ) is the mass ratio of target organ t to source organ i.
To facilitate comparison with reports in the literature, the radiation dose per unit injected activity was calculated using three models. (a) ''Self-absorbed'' model (25, 26) : only radiation dose from the h particle was considered and 100% of its energy was assumed to be deposited in the source organ. The absorbed radiation dose per unit administered radioactivity in an organ was simply the product of the AUC, the mean energy of the h particle, and the unit conversion factor. (b) ''MIRDOSE sphere'' model (24) : S values for spheres of various sizes were obtained from MIRDOSE 3.1 (Oak Ridge Associated Universities) with electronphoton contribution for sphere sizes larger than 0.5 g and only electron contribution to smaller tissues. For a unit of administered activity, the absorbed radiation dose to each organ was the product of the unit administered activity, residence time, and the S-value. (c) ''Miller crossorgan'' model (27) : the absorbed dose per unit administered radioactivity was calculated based on a geometric nude mouse model. All organs were modeled as ellipsoids, and uniform radioactivity distribution was assumed in each organ. The self-organ absorbed fractions as well as the cross-organ absorbed fractions were based on Monte Carlo calculations. The cross-organ absorbed fractions were determined using as an approximation that the energy of h particles that escaped the source organ and deposited in the adjacent target organ was approximately proportional to the ratios of surface area that overlapped with the source organ. The tumor geometry was simulated as a sphere in the thigh, half-embedded in the carcass of the mouse and half-protruded above the carcass skin surface.
Therapy study of 188
Re-cMORF in pretargeted tumored mice. Twentytwo Swiss NIH nude mice bearing carcinoembryonic antigen expressing LS174T tumor in the left thigh were divided into four groups. The ''pretargeting therapy'' group of six mice received both the MORF-MN14 and the 188 Re-cMORF, the ''MORF-MN14'' control group of five mice received only the MORF-MN14, the ''labeled cMORF'' group of six mice received only the 188 Re-cMORF, and the ''untreated'' group of five mice was untreated. Thus, at day 12 after tumor inoculation, the mice in both the pretargeting therapy and the MORF-MN14 control groups each received 55 Ag MORF-MN14 (0.53 MORF groups per antibody), whereas the animals in the labeled cMORF group and the untreated group received nothing. At day 14, mice in the pretargeting therapy group and the labeled cMORF group each received 2.2 Ag (380 ACi) of 188 Re-labeled cMORF, whereas the other groups received nothing. All administrations were i.v. via a tail vein. At 17 hours after radioactivity injection, one mouse from the pretargeting therapy group and another from the labeled cMORF group were imaged simultaneously on a large field of view g camera under ketamine-xylazine anesthesia. A 22-mm Lucite plastic sheet was placed between the mice and the detector to help minimize the Bremsstrahlung radiation emanating from the h rays of 188 Re. Starting from day 10 and until sacrifice, the tumor thigh of each mouse was also measured for width, thickness, and length. At day 19, when some animals began to display discomfort due to tumor bulk, all mice were sacrificed and net tumor weights were obtained.
Results
Tracer study of 188 Re-cMORF in pretargeted tumored mice. Table 1 lists the tumor weight and biodistribution of 188 RecMORF in the tracer level pretargeting study for all mice in the order of increasing sacrifice time from 1 to 73 hours. Figure 1 presents the radioactivity accumulation over time in some of the normal organs. The solid line represents the best fit by SAAM II simulation analysis for all tissues, except tumor. Figure 2A shows the radioactivity accumulation over time in Re-cMORF administration. To provide an accurate tumor AUC, corrections for tumor growth and size were applied to the tumor data of Fig. 2A . Figure 2B presents the measured tumor weights for all 25 animals plotted against their time of sacrifice. The positive slope of the regression line is a result of tumor growth during the 3-day tracer study. Because in a successful therapeutic study tumor does not grow and assuming that all tumors in this tracer study grew at the rate represented by the regression line, each tumor weight is extrapolated to T = 0 to provide an estimated value at the time of radioactivity administration. The average of all estimated weights at T = 0 is 0.36 g. The individual tumor accumulations plotted against these estimated tumor weights at T = 0 are shown in Fig. 2C . The decreasing tumor accumulation with increasing tumor size is a common observation (28 -30) . Finally, each individual tumor accumulation in % ID/g is corrected to 0.36 g and plotted against time of sacrifice as shown in Fig. 2D . The data points cluster around a value of f8% ID/g now with diminished fluctuations, especially if the two data points at 68 and 73 hours are excluded. The latter two values probably reflect loss of radioactivity from tumor after f60 hours. Dosimetry calculations. The AUCs for animals receiving 1 ACi of 188 Re-cMORF calculated from the results of the tracer study in pretargeted tumored animals are listed in Table 2 . Absorbed doses obtained with each of the three models (selfabsorbed, MIRDOSE sphere, and Miller cross-organ) are also listed in the table. As shown, only small difference in absorbed doses was observed among these models. The tumor-absorbed dose obtained from the ''self-absorbed'' model is 3.35 rad/ACi and higher than the 2.24 rad/ACi obtained using the Miller cross-organ model but similar to the 3.57 rad/ACi obtained using the MIRDOSE sphere model.
Because of important differences in tumor models, our values cannot be reliably compared with most reports from other laboratories investigating tumor radiotherapy by pretargeting. To our knowledge, only one investigation has been reported using the same radioisotope and the same LS174T tumor at a similar size (50-500 mm 3 ; ref. 25) . In that study, the absorbed dose was estimated only with the self-absorbed model as 1.73 rad/ACi for tumor, about half the 3.35 rad/ACi obtained with the same dosimetry model in this work. However, the absorbed dose ratios of tumor to normal tissues are generally in agreement.
Therapy study of 188 Re-cMORF in pretargeted tumored mice. Of the three measurements of tumor size, tumor length was considered the least reliable. Figure 3 presents the average tumor size defined as the product of width and thickness of the tumor thigh starting on the 14th day after tumor implantation when radioactivity was administered. As shown, tumor growth was retarded only for the study animals starting 1 day after administration of radioactivity, whereas tumors for the three control groups continued to grow. The P values of the product of tumor width and thickness between study group and each of the three control groups are also included in the figure and show the decrease along with the time after radioactivity injection and the significant difference after 4 days (18 days since tumor inoculation). Figure 4 shows that the tumor weights in the study group at sacrifice on day 19 are approximately half that of the three control groups. Tumor weight differences between the study group and all the three control groups are statistically significant (P = 0.019, 0.019, and 0.032, Student's t test) in contrast to the differences among the control groups (P = 0.664, 0.772, and 0.965). Clearly, tumor growth inhibition was the result of pretargeting with MORF-MN14 and 188 Re-cMORF. Obtained simultaneously at 17 hours after radioactivity administration, the g camera images of one mouse from the pretargeting therapy group and another from the radiolabeled cMORF control group with a similar tumor size are shown in Fig. 5 . The strong radioactivity accumulations in tumor and in the regions of kidneys/liver in the study animal suggested in image were confirmed by animal sacrifice and dissection (data not presented).
Discussion
Conventional imaging of tumor-associated antigens with radiolabeled antitumor IgG antibodies suffers from slow localization and clearance and therefore can suffer from poor target/nontarget ratios. Reducing the molecular size of the radiolabeled antibody by, for example, substituting the F(ab ¶) 2 fragment or even smaller single chain sFv fragments can improve on the slow localization and clearance but generally at the expense of lower target affinity. As an alternative to conventional tumor imaging, pretargeting restores the use of the high-affinity IgG antibodies by placing the radiolabel elsewhere. Pretargeting is under investigation using either streptavidin/biotin, bispecific antibody/hapten, or, as in our laboratory, MORF/cMORF oligomers with one member of the pair conjugated to the targeting antibody and the other radiolabeled as the effector. Each of these approaches has unique advantages and disadvantages. However, oligomers seem to be particularly well adaptable to pretargeting because of the high affinity of hybridization (31) , the freedom to vary the chain length and base sequence as well as the oligomer type (DNAs, peptide nucleic acids, MORFs, etc.) to improve pharmacokinetics (10, 32, 33) and, in particular, the potential Fig. 3 . Average product of width and thickness of tumor thigh over time after radioactivity administration for mice from the pretargeting group and the three control groups. Points, mean (n = 5); bars, SD. Ps between study group and each of the three control groups. P 0-1 , for example, is the P value between the study group (group 0) and the control group receiving only MORF-MN14 (group 1). to improve pretargeting with amplification and with affinity enhancement, two extensions of conventional pretargeting still in early stages of investigation (10, 31, 34) .
Ideally, the results presented in this report on the radiotherapy of tumored mice by MORF pretargeting should be compared with results obtained elsewhere with the two alternative popular pretargeting approaches, (strept)avidin/ biotin and bispecific antibody/hapten. The comparison should at least consider three important factors related to the therapeutic efficacy of a pretargeting approach (i.e., initial tumor accumulation, tumor retention, and normal organ background of the radioactivity).
The tumor accumulations of radioactivity in mouse models reported in the literature for different pretargeting approaches vary considerably, either less than (25, 26) , comparable with (6), or much greater than (35-39) that reported herein. Unfortunately, because tumor accumulations are strongly dependent on tumor model, these values cannot in themselves be used to compare pretargeting approaches. Nevertheless, this large range in tumor accumulations by pretargeting requires comment. It may be commonly perceived that pretargeting should be capable of achieving tumor radioactivity accumulations superior to that achievable by the conventional targeting with radiolabeled antitumor antibodies. However, this is not true in most cases for reasons apart from the more rapid clearance of the effector from circulation. The absolute tumor accumulation (i.e., moles of radiolabeled agent per gram of tumor) for conventional antibody targeting is determined by targeting of the tumor antigenic sites with the radiolabeled antibody, whereas the absolute tumor accumulation by pretargeting is not only governed by the targeting of the tumor antigenic sites with the antibody but now is also limited by the targeting of the antibody with the radiolabeled effector. Thus, assuming one to one binding between antibody and effector, the best absolute accumulation that may be expected by pretargeting is equal to that of conventional radiolabeled antibody targeting. Nevertheless, because of the rapid targeting and rapid clearance of the effector, the advantage of pretargeting over radiolabeled antibody targeting is the potential for high target/normal tissue ratios achieved rapidly after radioactivity administration, a particular advantage in radiotherapy applications and/or when short radionuclide half-lives are involved. Moreover, by increasing the molar ratio of binding between effector and antibody by amplification, the tumor accumulation by pretargeting in principle can greatly exceed that of conventional targeting (34) .
Retention of radioactivity in tumor is another factor that will greatly contribute to therapeutic efficacy. As shown in Figs. 1  and 2D , the 188 Re radiolabel was retained for f3 days, a period during which 95% of the 188 Re radioactivity will have decayed. This retention is generally longer than that reported elsewhere (25, 26, 40, 41) and is probably due to both the stability of the radiolabel used herein and the high hybridization affinity between MORF and cMORF. Depending on chain length and base sequence, the hybridization affinity of MORFs may be comparable with that of streptavidin for biotin (10 15 /mol/L; ref. 42) , whereas both pairs are superior to that of the bispecific antibodies for their haptens. Although lower affinity can encourage dissociation of the recognition complex in circulation with a resulting decrease in normal tissue background radioactivity levels, too low an affinity will also result in increased radioactivity clearance from tumor. Chmura et al. (43) have recently proposed a bispecific antibody pretargeting approach involving a covalent recognition mechanism with infinite affinity.
Finally, excessive background radioactivity in normal organs will interfere with imaging and, for radiotherapy, will determine the maximum tolerable dose. Ideally, these levels should decrease as rapidly as possible. An advantage of pretargeting lies in placing the radiolabel on a small effector designed to clear rapidly through the kidneys. In this respect, all three pretargeting approaches are comparable except for the streptavidin/biotin approach when the radiolabel is placed on streptavidin (44, 45) . Therefore, background radioactivity levels in pretargeting approaches are basically influenced by residual targeting antibody in normal organs and in blood. Fortunately, at least for MORF pretargeting, the antibody deposited in normal organs, such as liver and spleen, rapidly becomes ''invisible'' to the effector (46, 47) .
Conclusion
Under the conditions of the tracer level pretargeting study, the administration of 188 Re-labeled cMORF in animals previously given MORF-MN14 resulted in tumor accumulations of f8% ID/g in LS174T xenografts of f0.4 g. Dosimetric estimates showed at least a 4-fold higher radiation dose to tumor than to normal tissues. In the subsequent therapy trial, the administration of f400 ACi of 188 Re provided definitive evidence of tumor growth inhibition. We conclude that, just as the MORF/cMORF pretargeting method is providing encouraging results when applied to tumor imaging with 99m Tc as label, this MORF/cMORF approach holds promise for radiotherapeutic applications.
